Purpose Non-viral gene delivery vehicles such as polyethylenimine and polyamidoamine dendrimer effectively condense plasmid DNA, facilitate endocytosis, and deliver nucleic acid cargo to the nucleus in vitro. Better understanding of intracellular trafficking mechanisms involved in polymeric gene delivery is a prerequisite to clinical application. This study investigates the role of clathrin and caveolin endocytic pathways in cellular uptake and subsequent vector processing. Methods We formed 25-kD polyethylenimine (PEI) and generation 4 (G4) polyamidoamine (PAMAM) polyplexes at N/P 10 and evaluated internalization pathways and gene delivery in HeLa cells. Clathrin-and caveolin-dependent endocytosis inhibitors were used at varying concentrations to elucidate the roles of these important pathways. Results PEI and PAMAM polyplexes were internalized by both pathways. However, the amount of polyplex internalized poorly correlated with transgene expression. While the caveolindependent pathway generally led to effective gene delivery with both polymers, complete inhibition of the clathrin-dependent pathway was also deleterious to transfection with PEI polyplexes.
INTRODUCTION
Branched 25-kDa polyethylenimine (PEI) has been a benchmark for non-viral gene delivery since its use was first reported in 1995 (1) . Dendrimers such as polyamidoamine (PAMAM) have also been explored as gene delivery agents (2,3) due to their potential for modification and flexible chemistry. Both polymers complex effectively with negatively charged nucleic acids (4) and exhibit relatively efficient in vitro transfection (5) . In addition, PEI and PAMAM are prototypical "protonsponge" polymers that are hypothesized to facilitate endosome escape via their strong buffering capacity, which leads to osmotic swelling and rupture of acidified endocytic vesicles (6, 7) . Thus, PEI and PAMAM serve as excellent models for investigating polymer-mediated gene delivery mechanisms, providing a basis for design of safer and more efficient vectors. Cellular internalization and subsequent intracellular processing of polyplexes are key barriers to successful in vitro gene delivery. In particular, two endocytic pathways, clathrin-and caveolin-dependent endocytosis, have been extensively studied in the past decade (8, 9) . Clathrin-dependent endocytosis results in acidified vesicles (pH [5] [6] ) that fuse with lysosomes (pH~4.5). Caveolin-dependent uptake is less wellcharacterized but is associated with formation of caveosomes that are less acidified and are believed to avoid trafficking to lysosomes (10, 11) . The differences in endocytic vesicles and subsequent processing may significantly impact the intracellular destination of associated cargo. Indeed, recent literature has demonstrated the importance of uptake pathway in the efficacy of gene delivery with polyplexes. We and others have shown that, surprisingly, the caveolar uptake pathway is primarily responsible for PEI/DNA polyplex transfection (12) (13) (14) (15) . Several investigators have also reported the importance of uptake pathway on PAMAM dendrimers. In particular, Qi et al. suggested that, in contrast to PEI-mediated gene delivery, caveolin-dependent uptake does not play a role in PAMAM/DNA polyplex internalization (16) .
To better understand the roles of clathrin-and caveolindependent pathways in polymer-mediated gene delivery, and to investigate the generality of the previous findings regarding the importance of the caveolar pathway in PEI-mediated gene delivery (12) (13) (14) (15) , we have directly compared the role of uptake pathway on PAMAM/DNA and PEI/DNA polyplex uptake and transfection. Importantly, we employed endocytosis inhibiting drugs (Table I ) over a range of concentrations to discern specific effects on uptake and reduce the impact of cytotoxicity. Confocal fluorescence micrographs also demonstrate colocalization of polymer-DNA polyplexes with clathrin-or caveolin-tagged endocytic vesicles, and provide further evidence that these vectors utilize both clathrin-and caveolin-dependent pathways.
MATERIALS AND METHODS

Materials
YOYO-1 dye, NHS-ester functionalized Alexa Fluor 488, Alexa Fluor 647 cholera toxin subunit B (CTxB) conjugate, and Alexa Fluor 647 transferrin (Tf) conjugate were obtained from Invitrogen (Carlsbad, CA). Methyl-β-cyclodextrin was obtained from Roquette America, Inc. (Keokuk, IA). Generation 4 PAMAM dendrimer, 25-kDa branched polyethylenimine, genistein, chlorpromazine, and amantadine were obtained from Sigma-Aldrich (St. Louis, MO).
Cells and Plasmids
The HeLa human cervical carcinoma cell line used in this study was a gift from Dr. Sandra McMasters (University of Illinois, Urbana, IL). The cells were cultured according to their ATCC protocols at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Luciferase plasmid pGL3 (Promega Corp., Madison, WI) carried the reporter gene used to assess gene delivery vehicle efficiency. The plasmid encodes the firefly luciferase protein, driven by the SV40 promoter and enhancer domains. Plasmid production and purification w ere conducted by Elim Biopharmaceuticals (San Diego, CA).
Polyplex Sizing
Polyplexes were prepared using 3.0 μg DNA diluted in 20 mM PIPES, 150 mM NaCl, and polymer was added to bring the total polyplex volume to 250 μL for a given polymer-DNA (N/P) ratio. Following 20 min incubation at room temperature, polyplexes were transferred to a transparent cuvette and diluted with deionized water to a final volume of 1.8 mL. Each sample was subjected to size measurement on a Brookhaven Instruments Corporation 90 Plus Particle Size Analyzer (Holtsville, NY) immediately after dilution, and again after 2, 4, 6, and 24 h at room temperature.
Polymer Buffering Capacity
One milligram of each polymer was dissolved in 1 mL of deionized water and adjusted to pH 12.2 with 1 M NaOH. The polymer solution was titrated with 5 μL aliquots of 2 M HCl, and the pH was read (Accumet AB15, Hudson, MA) after each aliquot to generate a polymer pH buffering curve. 
Transfections
HeLa cells were seeded at 70,000 cells/well in 24 well plates 24 h prior to transfection. Polymer/pGL3 polyplexes were prepared at room temperature by mixing 1 mg/mL polymer in 150 mM NaCl, 20 mM PIPES, pH 7.2, with 1 mg/mL pGL3 in endotoxin free water, to achieve the desired N/P ratio. Polyplexes were then incubated at room temperature for 10 min. Prior to transfection, the growth media was replaced with serum-free media and 50 μl of polyplexes was added to each well. In experiments using endocytosis inhibiting drugs, drugs were added to serum free media 30 min before transfection. The transfection medium was removed and replaced with serum-supplemented media 4 h post-transfection. Luciferase expression was quantified 48 h post-transfection using the Promega luciferase assay system (Promega, Madison, WI). Luciferase activity was measured in relative light units (RLU) using a Lumat LB 9507 luminometer (Berthold, GmbH, Germany), and was subsequently normalized by total cell protein using the Pierce BCA protein assay kit (Pierce, Rockford, IL) to yield RLU/mg protein. All results were normalized to gene delivery activity of G4 PAMAM or PEI at N/P 10 in the absence of drugs.
Polyplex Uptake
pGL3 plasmid was tagged with intercalating dye YOYO-1 at 1 dye/100 base pairs. Polyplexes were formed and cells were transfected as described above. Two hours post-transfection, the cells were rinsed twice with 0.001% SDS in PBS and PBS, respectively, to remove surface-bound polyplexes. Next, 100 μl of 0.25% trypsin in PBS was added to each well. The cells and trypsin were allowed to incubate for 5 min, and 50 μl of fetal bovine serum was added to each well. The cells were then collected and stored on ice. FACS analyses were performed on a Coulter EPICS XL-MCL flow cytometer (Beckman-Coulter, Fullerton, CA). Uptake was measured using the following formula
where F blank is autofluorescence of untreated cells, x = N:P ratio of sample, and y = drug concentration. Normalization was done by comparing the corrected fluorescence to N:P = 10 and in the absence of drugs.
Time-Lapse Live Confocal Fluorescence Microscopy
Primary amines on both polymers were reacted with NHSester functionalized Alexa Fluor 488 in 0.1 M sodium bicarbonate buffer (pH 8.3) for 1 h. Labeled polymer was purified from unreacted dye by gel filtration chromatography. HeLa cells were seeded at 50,000 cells/well and grown for 2 days prior to transfection in 60 mm Petri dishes (Corning®, Manassas, VA). Alexa Fluor 647-conjugated CTxB and Tf were added to the plates, followed by Alexa Fluor 488 labeled polyplexes (N:P = 10). Cells were visualized with the Multiphoton Confocal Microscope Zeiss 710 for a period of 1 h at 37°C with a 100× oil immersion lens to investigate colocalization with clathrin and caveolin vesicles. The videos were then analyzed via Imaris © software (Bitplane, Belfast, UK).
Cytotoxicity
Cytotoxicity of endocytosis inhibiting drugs was characterized in HeLa cells using the CellTiter-Blue cell viability assay (Promega, Madison, WI). Cells were seeded in 96-well microplates at 2×10 4 cells/well and grown in medium containing 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C, 5% CO2. Growth medium was replaced with serum free DMEM 24 h after seeding. Endocytosis inhibiting drugs were added at the following concentrations: genistein, 0-62.5 μg/mL; methyl-β-cyclodextrin, 0-12.5 mg/mL; chlorpromazine, 0-6.25 μg/mL; amantadine, 0-12.5 mM. DMEM along with inhibiting drugs were aspirated after 4 h incubation and replaced with growth medium. The cells were incubated for a further 20 h. Subsequently, 20 μl of the CellTiter-Blue reagent was added to each well and incubated for an additional 4 h. Absorbance was read at 570 nm. The background absorbance of cells killed with ethanol was subtracted from the viable cell absorbance.
RESULTS
PEI/DNA and PAMAM/DNA Polyplex Formation and Physicochemical Characterization
The proton-sponge hypothesis suggests that buffering plays a key role in polyplex escape from the endosome by inducing endosomal rupture (1, 7, 17) . To compare the buffering capacities of PAMAM and PEI, aqueous polymer solutions were titrated with HCl between pH 12-2 ( Fig. 1) . Buffering capacity of the two polymers is defined here as the reciprocal slope of the titration plots over pH 7.5-4.5 (units of μL of 1 M HCl/ pH unit, or simply μL). PEI is a strong buffer, exhibiting a slope of 5.78 μL. PAMAM buffering capacity (4.84 μL) was slightly less than PEI but appears to be sufficient to act as a "proton sponge."
Particle size may influence the mechanism of endocytosis and subsequent intracellular trafficking (18) . Polyplexes were prepared at N/P 10-50, and sizes measured within 15 min. Sizes ranged from 90 to 150 nm for PAMAM, and from 105 to 133 nm for PEI (Table II) . Polyplexes measured after 2 h incubation at room temperature showed variable increases in size, most likely due to aggregation (not shown). Subsequent experiments were conducted with vectors across the range of N/P ratios, with only N/P 10 results shown here as the optimal vector for PEI and PAMAM.
Cytotoxicity of Endocytosis Inhibitors
We transfected HeLa cells in the presence of endocytosis inhibitors to understand the interplay of trafficking mechanisms and pathways at different degrees of inhibition. Cytotoxicity of inhibitors was evaluated over a range of concentrations. Although the drugs exhibited cytotoxicity increasing with concentration, cell viability was not significantly affected at the highest drug concentrations (red arrow) used in our experiments (14, 19, 20) (Fig. 2 ) (p>0.05).
Gene Delivery Activity and Uptake of PEI and PAMAM Polyplexes
Recent work has demonstrated the importance of polymer-DNA binding (21) and endolysosomal escape (22) in polymeric gene delivery. However, we have also reported that PEImediated gene delivery does not correlate with buffering capacity (19, 23) . We thus hypothesize that uptake pathway and intracellular trafficking are critical parameters for design of gene delivery vehicles. The goal of these transfection experiments is to determine the interplay of clathrin-and caveolin-dependent endocytosis in gene delivery with proton sponge polymers.
Investigation of pathway-specific polyplex internalization and transfection is often accomplished by treatment of cells with well-known biochemical inhibitors of specific endocytosis pathways (Table I) . As we have previously validated that siRNA knockdown of clathrin and caveolin expression and chemical inhibition of clathrin-and caveolin-dependent pathways are comparable (14), we did not pursue further siRNA inhibition in this study. Amantadine prevents clathrin-mediated uptake by stabilizing clathrin-coated vesicles and preventing clathrin-lattice recycling to the cell surface, thus blocking the budding of clathrin-coated vesicles (24) . Chlorpromazine similarly prevents coated pit formation on the plasma membrane by promoting clathrin lattice assembly on endosomal membranes (25, 26) and has a probable inhibitory effect on the formation of large intracellular vesicles (27) . Methyl-β-cyclodextrin (MβCD) sequesters membrane cholesterol and disrupts the lipid-rich domains on the cell surface that form caveolae. Acute plasma membrane cholesterol depletion at high MβCD concentrations also affects clathrin-coated pit formation (28) (29) (30) . Genistein prevents tyrosine phosphorylation of caveolin (31) and microtubule polymerization (32), thereby inhibiting caveosome formation and subsequent trafficking of the caveolin-dependent pathway. Thus, lower uptake or transgene expression in the presence of amantadine and chlorpromazine indicate that clathrin-dependent endocytosis and subsequent trafficking play an important role, while decreases in the presence of MβCD and genistein point to the importance of the caveolar pathway.
In vitro transfection efficiency and uptake of PEI/DNA and PAMAM/DNA polyplexes was quantified in HeLa cells at N/P 10, which was found to be optimal for transfection of both polyplexes, in the presence of each endocytic inhibitor (Fig. 3) . Genistein resulted in greater than five-fold reduction (p<0.001) in transfection by both PEI/DNA and PAMAM/ DNA at the highest drug concentration (Fig. 3a, e) . In contrast, cellular internalization of PEI/DNA increased more than two-fold, while that of PAMAM/DNA increased by 30% before decreasing over the same range of genistein concentrations. MβCD exhibited similar yet less dramatic behavior (Fig. 3b, f) . PEI/DNA and PAMAM/DNA transfection decreased greater than two-fold (p<0.01) at the highest MβCD concentration. As with genistein, PEI/DNA uptake in the presence of MβCD doubled at the highest concentration, while PAMAM/DNA uptake increased before decreasing over the same concentration range. The observed increase followed by decrease in our PAMAM/DNA uptake data with Fig. 1 Titration of aqueous polymer solutions (1 mg/mL) with 2M HCl from pH 12 to 2 at room temperature. Solutions were adjusted to pH 12 with 1 M NaOH, and 5 μL aliquots of 2 M HCl were subsequently added and the pH measured. a Polyplexes were prepared at N/P ratios 10-50 and subjected to dynamic light scattering on a particle size analyzer (N=4, mean±SD) both caveolar inhibitors suggests that compensatory uptake via clathrin-mediated endocytosis and other alternative routes may occur when the caveolar pathway is progressively inhibited.
In the presence of chlorpromazine and amantadine, PEI/ DNA gene delivery decreased by greater than ten-fold (p<0.001) at the highest drug concentrations while uptake was minimally affected by either inhibitor (Fig. 3g, h ). In contrast, internalization of PAMAM/DNA decreased to less than 30% of the control at maximum chlorpromazine and amantadine concentration (p < 0.001) (Fig. 3c, d) . Additionally, both inhibitors had interesting effects on PAMAM/DNA transfection. PAMAM/DNA-mediated transgene expression increased 2.5-fold at intermediate chlorpromazine concentrations (p<0.01) and 3.5-fold at intermediate amantadine concentrations (p<0.001) but, at the highest inhibitor concentrations tested, returned to levels similar to those in the absence of inhibitors (Fig. 3c, d ).
Confocal Microscopy
To further understanding of the uptake and trafficking pathways, we performed confocal microscopy for visual corroboration via colocalization of fluorescently tagged polyplexes and pathway-specific ligands. Tf and CTxB are well-documented as cargo of clathrin-coated and caveolar vesicles, respectively (33) . PEI colocalized with both Tf and CTxB, while PAMAM colocalized more strongly with Tf than with CTxB (Fig. 4) . Images were taken within 1 h of transfection and are representative of early endocytic behavior.
DISCUSSION
Formation of well-condensed, cationic polyplexes is important for effective polymeric gene delivery. Particle size may influence polyplex transport to the cell surface and subsequent internalization (34, 35) . In our study, both PEI and PAMAM exhibited comparable sizes and buffering capacity (Fig. 1) . Cell viability in the presence of endocytic inhibitors also was not a confounding factor based lack of significant cytotoxicity ( Fig. 2) and previously published research (14, 19, 20) .
As summarized in Table I , the role of the various endocytic inhibitors is well documented in literature. Non-specific effects of these inhibitors have been reported (27) . However, we have previously demonstrated that the effects of the inhibitors, at the concentrations used here, on polyplex uptake and transfection are the same as when clathrin or caveolin expression was knocked down using siRNA (14) . The relationship between degree of inhibition and gene delivery has not been made clear, largely because most inhibition experiments are conducted at only one drug concentration. Our results broadly show that interfering with caveolin-dependent trafficking significantly decreases gene delivery activity of both PEI and PAMAM polyplexes (Fig. 3a, b, e, f) . In contrast, the role of clathrin-dependent trafficking in gene delivery is less easily generalized. Both polyplex uptake and gene delivery may increase or decrease in response to endocytic inhibition, and not necessarily concomitantly (Fig. 3e, f, g, h) .
Depletion of plasma membrane cholesterol with MβCD resulted in moderate increases in PEI and PAMAM polyplex uptake, but poor gene delivery at high MβCD concentrations (Fig. 3b, f) . This supports previous findings demonstrating the importance of lipid raft and caveolar trafficking in polymeric gene delivery (14, 36) . Increases in uptake despite decreased gene delivery may be explained by upregulation of endocytic mechanisms that do not involve cholesterol and do not lead to effective transfection. This compensatory uptake is a phenomenon repeatedly seen in our data. In addition to the wellcharacterized clathrin-and caveolin-dependent pathways that are dynamin-dependent, less well-characterized, dynaminindependent mechanisms have also been identified that involve small GTPase ARF6 and flotillin (37) . Several studies have shown that endocytosis via caveolin-dependent and dynamin-independent mechanisms is often complicated by the possibility that the same cargo may be internalized by multiple routes or switch routes in a given cell line depending on environmental conditions (38) (39) (40) (41) . In contrast to clathrindependent endocytosis, defined by cargo association with clathrin-coated pits, adaptor molecules for caveolindependent and dynamin-independent mechanisms have not been identified. Our results point to this condition-dependent interchangeability among clathrin-and caveolin-dependent, dynamin independent mechanisms as a likely explanation for "compensatory uptake".
As with MβCD, caveolar inhibition by genistein resulted in similar uptake and gene delivery patterns for both polymers (Fig. 3a, e) . The caveolar pathway is hence crucial for gene delivery via PAMAM/DNA and PEI/DNA polyplexes. Further, any compensatory uptake that occurs during caveolar inhibition appears to result in trafficking along an inefficient pathway that leads to poor gene delivery. In contrast to the dissociation between uptake and gene delivery seen in our caveolar inhibition experiments, Gabrielson et al. reported decreased uptake and decreased gene delivery with genistein, albeit using PEI/DNA polyplexes at N/P 3.7 (14) . In our hands PEI gene delivery activity peaked between N/P ratios 5-10, and we thus focused on this range of polyplex formulations in our analysis of polyplex trafficking. In concordance with studies from other groups showing that internalization of PAMAM polyplexes is mainly caveolin-independent in HeLa cells (16) , our uptake data demonstrated minimal change with genistein or MβCD. Minimal colocalization of PAMAM with CTxB, a caveosome marker, was also evident in our confocal fluorescence micrographs (Fig. 4) .
Inhibition of clathrin-dependent uptake with amantadine and chlorpromazine yielded more disparate results. Uptake decreased for PAMAM but not PEI polyplexes. In contrast, gene delivery dramatically decreased for PEI but not PAMAM polyplexes (Fig. 3c, d, g, h) . Thus, inhibition of either caveolin-or clathrin-dependent pathways was deleterious for PEI gene delivery. Decreased PEI gene delivery upon inhibition of clathrin-dependent uptake has also been reported in several other cell lines (42) . Uptake was minimally affected upon either clathrin or caveolar pathway inhibition but is a poor indicator of successful PEI transfection (Fig. 3e-h ), possibly because multiple routes of PEI internalization are possible in HeLa cells (13) .
Upon inhibition of clathrin-dependent uptake, PAMAM polyplex gene delivery increased to varying degrees despite decreased uptake (Fig. 3c, d) . We further observed that PAMAM gene delivery increased before decreasing at high levels of inhibition of clathrin-dependent uptake (Fig. 3c, d ). An explanation for this dissociation of uptake and transfection results is that partial inhibition of clathrin-dependent internalization resulted in PAMAM polyplex uptake along a nonclathrin-dependent pathway that led to high gene delivery activity. However, increased gene delivery via this alternate route was only maintained while clathrin-dependent uptake mechanisms were only moderately inhibited, suggesting clathrin-dependent trafficking is required at some level for successful PAMAM gene delivery.
We further observed a high degree of colocalization between PAMAM-containing polyplexes and Tf during the first 60 min of transfection. The Tf receptor is located in clathrincoated pits and is a common marker for clathrin-coated vesicles. In contrast, minimal PAMAM colocalization was observed with CTxB. Our confocal microscopy colocalization studies with PEI polyplexes and both CTxB and Tf (Fig. 4b, d ) indicated that while some association between the polyplex and each endocytic marker was noted, colocalization with neither marker was dramatic, consistent with PEI polyplex uptake data showing that internalization was not significantly decreased when either mechanism of endocytosis was inhibited. Interestingly, Rejman et al. reported 50-70% decreases in PEI polyplex uptake in the same cell line at a chlorpromazine concentration twice the maximum concentration used here (6.25 μg/mL) (13) .
Because of the different effects of clathrin inhibition on the PEI and PAMAM gene delivery processes, we suggest that the importance of clathrin-dependent trafficking in gene delivery is polymer-specific, while that of the caveolar pathway is shared in common between PEI and PAMAM. In other words, successful gene delivery with both PAMAM and PEI is caveosome-dependent despite caveosomes playing a minimal role in initial internalization of the polyplexes (Figs. 3 and  4 ). Other groups have reported similar findings of caveosome dependence for dendrimer-based gene delivery but did not compare initial mechanism of uptake to gene delivery activity, a process that may take as long as 4 h (43) .
While caveolar trafficking is important to both PEI and PAMAM, the precise role of the clathrin-dependent pathway is still unclear (36, 44) . These pathways may not be entirely independent of each other. In the case of PEI polyplexes, activity of only clathrin-or caveolin-dependent pathways is insufficient for successful gene delivery. It is known that caveolae do not undergo the same degree of endosomal acidification and targeting to endolysosomes as clathrin-coated vesicles (11) . However, lysosomal trafficking does not necessarily preclude efficient gene delivery. It is also known that both clathrin-dependent and caveolar pathways can lead to effective gene delivery activity for lipoplexes and polyplexes (13, 18, 36) . The dependence of PEI on both pathways might indeed be evidence of trans-pathway sorting. Such a phenomenon would also explain the poor correlation between polyplex uptake and gene delivery in this study and previous publications (36) . Recent studies have pointed to Golgi complex trafficking as a contributor to this clathrin-caveolin communication network (11, 45) , showing that, like clathrin-coated vesicles, caveolae can localize to intracellular structures such as endosomes, endoplasmic reticulum or the Golgi complex (10, 15) . Previous drug inhibition studies utilizing only one drug concentration were unable to demonstrate such interplay between clathrin-coated vesicles and caveolae.
CONCLUSION
The interaction between clathrin-and caveolin-dependent endocytosis is poorly understood. Polyplexes may be internalized via several mechanisms simultaneously. We suggest that intracellular trafficking, rather than initial endocytosis at the cell surface, regulates gene delivery efficiency. Early association of polyplexes with clathrin-coated vesicles or caveolae is of limited importance in predicting gene delivery effectiveness because these pathways may not be mutually exclusive. Further, inhibition of one pathway may lead to compensatory increases in another, resulting in unpredictable changes in gene delivery. 25-kD PEI and G4 PAMAM share similar physical properties but exhibit different mechanisms of uptake and gene delivery. Successful PEI-mediated gene delivery is dependent on both clathrin-and caveolin-dependent pathways. In contrast, uptake of PAMAM polyplexes is heavily clathrin dependent, while gene delivery is caveolin dependent. Thus, rather than relying on a single pathway for successful gene delivery, PEI and PAMAM polyplexes depend on the interplay between clathrin-dependent and caveolindependent pathways in HeLa cells.
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